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POLYMER COMPOSITION 

TECHNICAL FIELD 

Novel polymer membranes are disclosed which have desirable electrochemical properties 
rendering them useful in the formation of electrochemical devices such as batteries and 
5 fuel cells. 

BACKGROUND OF THE INVENTION 

Polymer electrolyte membranes are useful in electrochemical devices such as batteries 
and fuel cells since they function as electrolyte and separator. Such membranes may be 
readily fabricated as thin flexible films which can be incorporated into cells of variable 
10 shape. 

Perfluorinated hydrocarbon sulfonate ionomers, such as Nafion® by DuPont or analogous 
Dow perfluorinated polymers, are presently used as polymer electrolyte membranes for 
fuel cells. Such prior art membranes, however, have severe limitations when used in 
hydrogen/air fuel cells and liquid feed direct methanol fuel cells. 

15 Perfluorinated hydrocarbon sulfonate ionomer membranes cannot be operated over a 
prolonged period of time at temperatures higher than 85°C without showing 
decomposition and performance degradation. As such, they cannot be used in 
hydrogen/air fuel cells at 120°C or higher as required to minimize poisoning of the anode 
catalyst by carbon monoxide which is present when reformate hydrogen gas is used. 
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Perfluorinated hydrocarbon sulfonate ionomer membranes have also been shown to have 
high permeability to liquid methanol. Therefore, liquid feed direct methanol polymer 
electrolyte membrane fuel cells based on Nation® or similar perfluorinated hydrocarbon 
sulfonate ionomer membranes have poor efficiency and low power densities. 

5 Accordingly, it is an object herein to provide polymer membranes which have high proton 
conductivity, high temperature stability and/or low methanol permeability. 

SUMMARY OF THE INVENTION 

The invention includes compositions comprising at least first and second polymers and 
optionally a third polymer wherein acid subunits, basic subunits and elastomeric subunits 
10 are contained in the polymers. 

In one embodiment, the composition comprises a ternary polymer blend comprising an 
acidic polymer comprising acidic subunits, a basic polymer comprising basic subunits and 
an elastomeric polymer comprising elastomeric subunits. In some embodiments, one or 
more of the polymers, preferably the elastomeric polymer, comprises a 

15 semi-interpenetrating network (TPN). In an alternate embodiment, the composition 
comprises a binary polymer blend which comprises acidic or basic subunits in one 
polymer and a copolymer comprising the other of the acidic or basic subunit and an 
elastomeric subunit. Such polymer compositions may be formed into any shape. 
However, it is preferred that such compositions be formed into a membrane having 

20 electrochemical properties which permit the use of such a membrane in an 
electrochemical device. 

The acidic polymer of the polymer membrane preferably comprises subunits containing 
sulfonic acid, phosphoric acid or carboxylic acid groups. Sulfonated polyetherether 
ketone (sPEEK) is the preferred acidic polymer. 

25 The basic polymer of the polymer electrolyte membrane preferably comprises subunits 

containing aromatic amine, aliphatic amine or heterocyclic nitrogen. Polybenzimidazole 
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(PBI) is an example of a basic polymer. Polyvinylimidazole (PVI) is a preferred basic 
polymer. The elastomeric polymer is preferably polyacrylonitrile (PAN). 

In the binary polymer blend, one polymer is an acidic polymer; preferably sPEEK while 
the second polymer is an elastomeric copolymer, preferably of vinylimidazole and 
5 acrylonitrile. 

The polymer membrane is preferably permeable to protons but substantially impermeable 
to organic fuels such as methanol. It also has physical properties which facilitate its use 
in the fabrication of electrochemical devices and fuel cells. 

In the case of fuel cells, the polymer membrane can be used in conjunction with other 
10 components to form a membrane electrode assembly (MEA). In an MEA, the polymer 
membrane is combined with a cathode catalyst on one side of the membrane and an anode 
catalyst on an opposing surface. A cathode electrode and an anode electrode are in 
electrical contact with the respective catalyst layers. Such an arrangement facilitates 
catalytic conversion of a fuel such as hydrogen or methanol on the anode side of the MEA 
15 to form ionic species such as protons which are transported across the polymer membrane 
and electrons which are transmitted through the anode electrode to a load and thence to 
the cathode. On the cathode side of the membrane, the second catalyst facilitates the 
reduction of an oxidant such as oxygen which forms water by combining with the proton 
comprising a cationic current across the membrane. 

20 The invention further includes electrochemical devices which comprise the polymer 
membrane of the invention including electrolyzers, batteries, energy storage devices, 
chemical sensors, electro-chromic devices and fuel cells. 

The invention also includes electronic devices which incorporate the fuel cells and the 
invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 schematically shows a fuel cell incorporating a membrane electrode assembly of 
the invention. The electrolyte corresponds to a polymer membrane of the invention on 
which two catalyst layers are formed. The catalyst on the anodic side of the membrane is 
5 . preferably a platinum ruthenium catalyst while the catalyst on the cathode side is 

preferably a platinum catalyst. In electrical contact with each of the catalysts are an 
anode electrode and cathode electrode which act as a means to conduct electrons from the 
anode to the cathode. 

Figure 2 is a cross section of a membrane electrode assembly (without electrodes) which 
10 includes the membrane of the invention, the first and second catalyst layers and generally 
at least one water and gas permeable layer on the cathodic side to provide for the 
transport of air to and water from the cathode catalyst layer. Generally a carbon paper or 
carbon cloth is used for such purposes. In addition, a carbon backing is preferably 
provided on the anode catalyst layer to protect the catalyst layer from damage from the 
15 electrodes. Since the backings generally contain conductive material such as carbon, the 
electrodes can be placed directly on the backing to complete the membrane electrode 
assembly. 

Figure 3 compares the protron conductivity as a function of temperature for the prior art 
Nation® membrane as compared to an embodiment of the invention wherein the 
20 membrane comprises 81.5% sPEEK, 15.5% PBI and 3% PAN. 

Figure 4 shows the thermal stability of a membrane comprising 81.5% sPEEK, 15.5% 
PBI and 3% PAN. As can be seen, the membrane maintains its mass well above 300°C. 

Figure 5 shows the transport of methanol as a function of time across the prior art 
Nation® membrane (7 mils thick) as compared to a membrane (5 mils thick) comprising 
25 75% sPEEK, 20% PBI and 5% PAN. 
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Figure 6 shows the performance of a PEM fuel cell containing the membrane comprising 
a 75% sPEEK, 20% PBI and 5% PAN. Performance was measured by using hydrogen 
and air. Anode and cathode catalysts was 1 mg/cm 2 Pt/carbon with Nafion ioniomer at 
1.5 mg/cm 2 for the anode and lmg/cm 2 for the cathode. The fuel cell was run at 80°C, 
5 120°C and 140°C. The current density and cell membrane was as follows: 



current density Cell resistance 

Temperature/°C @,0.6V/Acm' 2 @0.6V/ohm 

80 0.44 0.036 

120 0.65 0.035 

10 140 0.80 0.026 



Figure 7 shows the performance of a membrane electrode assembly comprising Pt-Ru 
catalyst and Pt catalyst layers, fuel cell using 4 molar methanol as organic fuel. (The 
MEA was prepared with a membrane comprising sPEEK 85.4%, PVI 1 1.6%, PAN 3%) 



DETAILED DESCRIPTION OF THE INVENTION 

15 A used herein, the term "acidic polymer" refers to a polymeric backbone which contains 
one or more acidic subunits. In a preferred embodiment, the backbone contains carbon 
alone or in combination with oxygen, nitrogen or sulfur. Particularly preferred 
embodiments include aromatic backbones although apliphatic polymers may also be used. 
More particularly, an acidic polymer contains acidic subunits which preferably comprise 

20 acidic groups including sulphonic acid, phosphoric acid and carboxylic acid groups. 

Examples of polymers containing sulfonic acid group include perfluorinated sulfonated 
hydrocarbons, such as Nafion®; sulfonated aromatic polymers such as sulfonated 
polyetheretherketone (sPEEK), sulfonated polyetherethersulfone (sPEES), sulfonated 
polybenzobisbenzazoles, sulfonated polybenzothiazoles, sulfonated polybenzimidazoles, 

25 sulfonated polyamides, sulfonated polyetherimides, sulfonated polyphenyleneoxide, 

sulfonated polyphenylenesulfide, and other sulfonated aromatic polymers. The sulfonated 
aromatic polymers may be partially or fully fluorinated. Other sulfonated polymers 
include polyviny sulfonic acid, sulfonated polystyrene, copolymers of acrylonitrile and 2- 
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acrylamido-2-methyl-l propane sulfonic acid, acrylonitrile and vinylsulfonic cid, 
acrylonitrile and styrene sulfonic acid, acrylonitrile and methacryloxyethyleneoxypropane 
sulfonic acid, acrylonitrile and methacryloxyethyleneoxytetrafluoroethylenesulfonic acid, 
and so on. The polymers may be partially or fully fiuorinated. Any class of sulfonated 
5 polymer include sulfonated polyphosphazenes, such as poly(sulfophenoxy)phosphazenes 
or poly(sulfoethoxy)phosphazene. The phosplazene polymers may be partially or fully 
fiuorinated. Sulfonated polyphenylsiloxanes and copolymers, 
poly(sulfoalkoxy)phosphazenes, poly(sulfotetrafluoroethoxypropoxy) siloxane. In 
addition, copolymers of any of the polymers can be used. It is preferred that the sPEEK 
10 be sulfonated between 60 and 200%, more preferably between 70 to 150% and most 
preferably between 80 to 120%. In this regard, 100% sulfonated indicates one sulfonic 
acid group per polymer repeating unit. 

Examples of polymers with carboxylic acid groups include polyacrylic acid, 
polymethacrylic acid, any of their copolymers including copolymers with vinylimidazole 
15 or acrylonitrile, and so on. The polymers may be partially or fully fiuorinated. 

Examples of acidic polymers containing phosphoric acid groups include 
polyvinylphosphoric acid, polybenzimidazole phosphoric acid and so on. The polymers 
may be partially or fully fiuorinated. 

As used herein, a basic polymer refers to a polymeric backbone which contains one or 
20 more basic subunits. In a preferred embodiment, the backbone contains carbon alone or 
in combination with oxygen, nitrogen or sulfur. Particularly preferred backbones include 
aliphatic backbones although aromatic polymer backbones may also be used. More 
particularly, a basic polymer contains basic subunits which preferably comprise basic 
groups such as aromatic amines, aliphatic amines or heterocyclic nitrogen containing 
25 groups. 



Examples of basic polymers include aromatic polymers such as polybenzimidazole, 
polyvinylimidazole, N-alkyl or N-arylpolybenzimidazoles, polybenzothiazoles, 
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polybenzoxazoles, polyquinolines, and in general polymers containing functional groups 
with heteroaromatic nitrogens, such as oxazoles, isooxazoles, carbazole, indoles, 
isoindole, 1,2,3-oxadiazole, 1,2,3-thiadiazole, 1,2,4-tbiadiazole, 1,2,3-triazole, 
benzotriazole, 1,2,4-traozole, tetrazole, pyrrole, N-alkyl or N-aryl pyrrole, pyrrolidine, 
5 N-alkyl and N-arylpyrrolidine, pyridine, pyrrazole groups and so on. These polymers 
may be optionally partially or fully fluorinated. 

Examples of aliphatic polyamines include polyethyleneimines, polyvinylpyridine, 
poly(allylamine), and so on. These basic polymers may be optionally partially or fully 
fluorinated. 

10 Polybenzimidazole (PBI) is a preferred basic polymer. Polyvinylimidazole (PVI) is a 
particularly preferred basic polymer. 

As used herein, an "elastomeric polymer" refers to a polymeric backbone which contains 
one or more elastomeric subunits. In a preferred embodiment, the backbone contains 
carbon alone or in combination with oxygen, nitrogen, fluorine or sulfur. Particularly 

15 preferred embodiments include aliphatic backbones although aromatic polymer 

backbones may also be used. More particularly, an elastomeric polymer comprises 
elastomeric subunits which preferably contain elastomeric groups such as nitrile, 
vinylidene fluoride, siloxane and phosphazene groups. Examples of elastomeric polymers 
include polyacrylonitrile, acrylonitrile copolymers, polyvinyilidene fluoride, vinylidene 

20 fluoride copolymers, polysiloxanes, siloxane copolymers and polyphosphazenes, such as 
poly(trifluormethylethoxy)phosphazene. 

The elastomeric polymer may be added to the polymer membrane in the form of 
polymerizable monomer to fabricate semi-interpenetrating networks. The monomers may 
be polymerized photochemically or by thermal treatment for the semi-IPN. 

25 As used herein, an elastomeric copolymer refers to an elastomeric polymer which 
contains elastomeric subunits and one or more acidic subunits or basic subunits 
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depending upon which embodiment of the invention is being practiced. For example, if 
an acidic polymer such as sPEEK is used, an elastomeric copolymer comprising 
elastomeric subunits and basic subunits may be used in a binary composition. 
Alternatively, should a basic polymer be used, the elastomeric copolymer will comprise 
5 elastomeric subunits and acid subunits. Such binary mixtures may be used in conjunction 
with other polymers and copolymers to form additional compositions within the scope of 
the invention. 

The acid equivalent weight of the polymer containing the acid group (sulfonic acid, 
carboxylic acid and/or phosphoric acid) is selected within a suitable range to provide high 
10 proton conductivity. When used in a ternary blend, ;'. e. , a mixture of an acidic polymer, a 
basic polymer and an elastomeric polymer. The acid polymer will be used in the 
composition in a concentration varying from 10% to 99% by weight, more preferably 30 
to 95% by weight and most preferably between about 50 and 90% by weight. 

The function of the polymer containing the basic functional group is to form pseudo 
15 crosslinking with the polymer containing the acid group via acid-base interaction. Pseudo 
crosslinking is needed to prepare films that are mechanically stable at high humidities and 
in boiling water. When used in a ternary blend, the basic polymer will be used in the 
composition in a concentration varying from 0.5% to 50% by weight, more preferably 
between 2.5 to 40 % by weight, still more preferably between about 5 and 25% by weight. 

20 The function of the elastomeric polymer is to allow the fabrication of polymer membranes 
with superior mechanical properties as well as membranes having low methanol 
permeability. The elastomeric polymer will be used in concentration varying from 0.5% 
to 50%o by weight, more preferably between 2.5 to 40% by weight and most preferably 
between about 5 and 25% by weight. 

25 In a particularly preferred embodiment, the ternary blend membrane contains sulfonated 
polyetheretherketone (sPEEK) as acidic polymer, polyvinylimidazole (PVI) as a basic 
polymer and polyacrylonitrile (PAN) as elastomeric polymer. In the best mode of 
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practicing the invention, this composition contains 85.4% sPEEK by weight, 1 1.6% PVI 
by weight and 3% PAN by weight. 

In those embodiments, when the composition comprises two polymers, i.e., in a binary 
blend, the acid polymer can constitute any one of the aforementioned acidic polymers. It 
5 is preferred that when an acidic polymer is chosen, that the polymer be sPEEK. In such 
circumstances, the second polymer comprises an elastomeric copolymer containing 
elastomeric subunits and basic subunits. In this embodiment, the basic subunit is 
preferably vinylimidazole and the elastomeric subunit is acrylonitrile. While good 
membranes can be obtained with such a binary system, a basic polymer may optionally be 
10 added. When so used, it is preferred that polyvinylimidazole be used although 
polybenzimidazole may also be used. 

In the composition comprising a binary polymer blend, wherein an acidic polymer is 
used, it is preferred that the acidic polymer comprise sPEEK. It is also preferred that the 
acidic polymer have a concentration of between about 10 to 99%, more preferably 

15 between 30 to 95% and most preferably between 50 to 90%. In addition, it is preferred 
that the elastomeric copolymer containing a basic subunit be present at a concentration of 
between 1 to 90%, more preferably between 5 to 70% and most preferably between 10 to 
50%. The foregoing concentrations of the elastomeric copolymer are for situations 
wherein the elastomeric copolymer comprises about 50% elastomeric subunits. However, 

20 the amount of elastomeric copolymer will vary depending upon the base content of the 
elastomer copolymer. In general, the lower the base content of the elastomeric 
copolymer, the higher the amount of copolymer which can be used. Similarly, a 
reduction in the amount of basic subunit results in a higher level of copolymer which can 
be used. Preferred ranges for basic/elastomer subunits in the copolymer are from 99: 1 to 

25 1:99. 

When a basic polymer is used in the binary polymer blend, it is preferred that the basic 
polymer be polybenzimidazole and most preferably polyvinylimidazole. Generally the 
basic polymer will be present at a concentration of about between 1 to 90 weight percent, 
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more preferably between 5 to 70 weight percent and most preferably between 10 to 50 
weight percent. In such circumstances, the elastomeric copolymer preferably contains 
acrylonitrile subunits and sulfonic acid monomer subunits, preferably sulfonated acrylates 
or acrylamides subunits. The elastomeric copolymers generally are present at a 
5 concentration of between 10 to 99 weight percent, more preferably between 30 to 95 
weight percent and most preferably between 50 to 95 weight percent. These 
concentrations are applicable when the amount of sulfonic acid subunit is present at about 
50 weight percent. Higher amounts of acid monomer allow for a lower concentration of 
the elastomeric copolymer, likewise, increased amounts of acid monomer in the 
10 copolymer allows for a lower amount of the copolymer to be used. Preferred ranges for 
acid and elastomeric subunits in the elastomeric copolymer are 1 :99 to 99: 1 . Although 
such a binary system can be used, an acid polymer such as sPEEK may be optionally 
incorporated into the binary system. 

In an alternate preferred embodiment of the binary polymer blend, the membrane 
15 comprises a basic polymer comprising polyvinylimidazole and an elastomeric copolymer 
comprising acrylonitrile and 2-acryloamido-2-methel-l -propane sulfonic acid. 

In each of the foregoing binary systems, the addition of an additional acid or basic 
polymer essentially results in the conversion of the binary polymer to a ternary polymer 
wherein the elastomeric polymer becomes an elastomeric copolymer containing either 
20 acid or basic subunits. 

Polymer membranes may be fabricated by solution casting of the binary or ternary 
polymer blends. In this case the elastomeric polymer is added to a solution of the acid 
and basic polymer. 

Alternatively the composite polymer membrane may be fabricated by solution casting the 
25 blend of the acid and basic polymer. The resulting polymer membrane is then swollen 
into a reactive monomer precursor to the elastomeric polymer (e.g., acrylonitrile). A 
radical photo- or thermal-initiator will be added to the reactive monomer so that the 
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resulting swollen membrane may be photoexposed to UV-Vis light or thermally treated to 
form the elastomeric polymer. In this case the composite polymer membrane is best 
described as semi-interpenetrating polymer network since the elastomeric polymer is 
prepared in-situ in the presence of the acid and basic polymers. A small percentage of 
5 crosslinking agent may be added to the reactive monomer to form a lightly crosslinked 
polymer network for improved mechanical stability. 

When cast into a membrane for use in a fuel cell, it is preferred that the membrane 
thickness be between 1 to 10 mils, more preferably between 2 and 6 mils, most preferably 
between 3 and 4 mils. 

10 As used herein, a membrane is permeable to protons if the proton flux is greater than 
approximately 0.005 S/cm, more preferably greater than 0.01 S/cm, most preferably 
greater than 0.02 S/cm. 

As used herein, a membrane is substantially impermeable to methanol if the methanol 
transport across a membrane having a given thickness is less than the transfer of methanol 
15 across a Nafion membrane of the same thickness. In preferred embodiments the 

permeability of methanol is preferably 50% less than that of a Nafion membrane, more 
preferably 75% less and most preferably greater than 80% less as compared to the Nafion 
membrane. 

It should be noted that depending on the choice of the elastomeric copolymer, the basic 
20 polymer may or may not be needed in the formulation of the composite membrane. 
Indeed the elastomeric polymer may provide improved film forming properties and 
mechanical stability especially if a small degree of crosslinking agent is used. 

The polymer composition of the invention, be it a binary or ternary blend, may be formed 
into a membrane and thereafter used to produce a membrane electrode assembly (MEA). 
25 As used herein, an MEA refers to a polymer membrane made according to the invention 
in combination with anode and cathode catalysts positioned on opposite sides of the 
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polymer membrane. It may also include anode and cathode electrodes which are in 
electrical contact with the catalysts layers. 

In general, anode and cathode catalysts are applied onto the membrane by well 
established standard techniques. For direct methanol fuel cells, platinum/ruthenium 
5 catalyst is typically used on the anode side while platinum catalyst is applied on the 
cathode side. For hydrogen/air or hydrogen/oxygen fuel cells platinum or 
platinum/ruthenium is generally applied on the anode side, and platinum is applied on the 
cathode side. Catalysts may be optionally supported on carbon. The catalyst is initially 
dispersed in a small amount of water (about lOOmg of catalyst in 1 g of water). To this 
10 dispersion a 5% Nafion solution in water/alcohol is added (0.25-0.75 g). The resulting 
dispersion may be directly painted onto the polymer membrane. Alternatively, 
isopropanol (1-3 g) is added and the dispersion is directly sprayed onto the membrane. 
The catalyst may also be applied onto the membrane by decal transfer, as described in the 
open literature {Electrochimica Acta, 40: 297 (1995)). 

15 The electrodes are in electrical contact with a membrane, either directly or indirectly, 
when they are capable of completing an electrical circuit which includes the polymer 
membrane and a load to which a electric current is supplied. More particularly, a first 
catalyst is electrocatalytically associated with the anode side of the membrane so as to 
facilitate the oxidation of hydrogen or organic fuel. Such oxidation generally results in 

20 the formation of protons, electrons, carbon dioxide and water. Since the membrane is 
substantially impermeable to molecular hydrogen and organic fuels such as methanol, as 
well as carbon dioxide, such components remain on the anodic side of the membrane. 
Electrons formed from the electro catalytic reaction are transmitted from the cathode to 
the load and then to the anode. Balancing this direct electron current is the transfer of an 

25 equivalent number of protons across the membrane to the anodic compartment. There an 
electro catalytic reduction of oxygen in the presence of the transmitted protons occurs to 
form water. In one embodiment, air is the source of oxygen. In another embodiment, 
oxygen-enriched air is used. 
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The membrane electrode assembly is generally used to divide a fuel cell into anodic and 
cathodic compartments. In such fuel cell systems, a fuel such as hydrogen gas or an 
organic fuel such as methanol is added to the anodic compartment while an oxidant such 
as oxygen or ambient air is allowed to enter the cathodic compartment. Depending upon 
5 the particular use of a fuel cell, a number of cells can be combined to achieve appropriate 
voltage and power output. Such applications include electrical power sources for 
residential, industrial, commercial power systems and for use in locomotive power such 
as in automobiles. Other uses to which the invention finds particular use includes the use 
of fuel cells in portable electronic devices such as cell phones and other 
10 telecommunication devices, video and audio consumer electronics equipment, computer 
laptops, computer notebooks, personal digital assistants and other computing devices, 
GPS devices and the like. 

Further, such polymer membranes and electrode assemblies of the invention are generally 
useful in fuel cells such as those disclosed in U.S. Patent Nos. 5,945,23 1, 5,773,162, 
15 5,992,008, 5,723,229, 6,057,051, 5,976,725, 5,789,093, 4,612,261, 4,407,905, 4,629,664, 
4,562,123, 4,789,917, 4,446,210, 4,390,603, 6,110,613, 6,020,083, 5,480,735, 4,851,377, 
4,420,544, 5,759,712, 5,807,412, 5,670,266, 5,916,699, 5,693,434, 5,688,613, 5,688,614, 
each of which is expressly incorporated herein by reference. 

The polymer membrane of the invention also find use as separators in bateries. 
20 Particularly preferred batteries are lithium ion batteries. 

EXAMPLES 

Example 1 

Sulfonated polyetheretherketone (sPEEK) was synthesized by treating PEEK with 
chloro sulfonic acid as previously described. The sulfonated polyetheretherketone was 
25 dissolved in dimethylacetamide and polymer membrane was cast from solution. The 
membrane was dried from room temperature up to 120°C, and finally under vacuum to 
remove the last traces of solvent. 
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The membrane was then transferred into a round bottom flask containing 95% wt/wt 
acrylonitrile 4% pentaerytritol triacrylate and 1% Lucirin TPO. The membrane was 
treated in reflux in the acrylonitrile solution for 4 hours. The acrylonitrile embedded in 
the polymer membrane was then polymerized by exposure to UV light. 

5 Example 2 

0.75g of sulfonated PEEK (sPEEK) is dissolved in 21. lg of dimethylacetamide (DMAC). 
10 drops of ammonia are added to this solution. 0.05g of polyacrylonitrile (PAN) is 
added (0.8g of a 6.25% solution of PAN in DMAC). 0.20g of polybenzimidazole are 
added (3. 3 g of a 6% solution). The homogeneous solution is cast at room temperature 
10 into a 12.7cm x 12.7cm mold. After drying at room temperature the polymer membranes 
is soaked in 0.5M sulfuric acid solution for 16 hours, then boiled in the same solution for 
2 hours, and finally rinsed in deionized water. 

The polymer membrane was swollen in boiling water (water uptake 66.7%). The polymer 
membrane conductivity was measured by AC impedance. The proton conductivity at 
15 30°C was found to be 0.094S/cm and at 60°C it was 0. 125 S/cm. 

Example 3 

This example discloses a membrane comprising 81.8% sPEEK, 9.1% PVT and 9. 1% 
elastomeric copolymer acrylonitrile- vinylimidazole (30:1). 

Sulfonated polyetheretherketone (sPEEK) (0.9 g) was dissolved in 15 g of 
20 dimethylacetamide (DMAC). To this solution, 30% ammonium hydroxide (1.6 g) was 

added. A solution of acrylonitrile-vinylimidazole copolymer (molar ratio 30: 1) in DMAC 
was added (addition corresponds to 0.1 g of the copolymer), followed by an addition of 
polyvinylimidazole (PVT) (0. 1 g). The mixture was stirred overnight. The resulting 
solution was cast onto a silanized glass frame (size 5"x5"). The membrane was dried at 
25 room temperature for two days, then vacuum dried at 60° C for 8 hours. The resulting 

membrane was soaked in 1M H 2 SQ 4 at room temperature overnight. The membrane was 
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then rinsed with deionized water to remove any traces of acid. The resulting ,membrane 
was 4 mil thick. The room temperature membrane conductivity was 0.037 S/cm. 

Example 4 

This example discloses a membrane comprising 81.8% sPEEK and 18.2% of elastomeric 
5 copolymer acrylonitrile-vinylimidazol (30:1). 

Sulfonated polyetheretherketone (SPEEK) (0.9 g) was dissolved in 15 g of 
dimethylacetamide (DMAC). To this solution, 30% ammonium hydroxide (1 .6 g) was 
added. A solution of acrylonitrile-vinylimidazole copolymer (molar ratio 30: 1) in DMAC 
was added (addition corresponds to 0.2 g of the copolymer). The resulting mixture was 
10 stirred overnight. The solution was cast onto a silanized glass frame (size 5"x5"). The 
membrane was dried at room temperature for two days, then vacuum dried at 60°C for 8 
hours. The resulting membrane was soaked in 1M H 2 S0 4 at room temperature overnight. 
The membrane was then rinsed with deionized water to remove any traces of acid. 

Example 5 

15 This example discloses a membrane comprising 12% PVI and 88% elastomeric 
copolymer comprising elastomeric and acidic subunits (1:9). 

A copolymer of acrylonitrile and 2-acryloamido-2-methyl-l -propane sulfonic acid (molar 
ratio 1:9) (0.88g) was dissolved in dimethylacetamide (15g). To this solution, 30% 
ammonium hydroxide (1 .6g) was added. A solution polyvinylimidazole (PVI) (0. 12g 
20 solids) in dimethylacetamide was added. The mixture was stirred overnight. The 

resulting solution was cast onto a silanized glass frame (size 5"x5"). The membrane is 
dried at room temperature for two days, then vacuum dried at 60°C for 8 hours. The 
resulting membrane is soaked in 1M H 2 S0 4 at room temperature overnight. The 
membrane is then rinsed with deionized water to remove any traces of acid. 
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Example 6 

This example discloses a membrane comprising 60% sPEEK; 20% PBI and 20% of an 
elastomeric copolymer comprising elastomeric and acidic subunits (75:25) 
Sulfonated PEEK (0.60g) is dissolved in DMAC (lOg). To this solution ammonium 
5 hydroxide is added (lOg). To this solution the acrylonitrile-2-acryloamido-2-methyl-l- 
propane sulfonic acid copolymer (molar ratio 75:25) in DMAC is added (solids content 
0.2g). To the resulting solution, polybenzimidazole (0.2g) in dimethylacetamide is added. 
After stirring overnight, the homogeneous solution is cast on a silanized glass plate. The 
membrane is dried at 40°C. The polymer membrane is then soaked in 0.5M sulfuric acid 
10 solution overnight at room temperature, then boiled for two hours in 0.5 M sulfuric acid 
and finally repeatedly rinsed in deionized water. 

Example 7 

This example discloses a three-component membrane based on SPEEK/PBI/N- 
vinylimizadole, acrylonitrile copolymer (molar ratio 1:1). Each of the membranes was 
15 made as described in Example 6 except for the amount and/or type of polymer used. 
Conductivity results for a number of membranes are shown in Table 1 . 



Table 1 

Conductivity at room temperature 



Composition 
%( sPEEK/PBI/copolymer) 


Conductivity (S/cm) 


75/20/5 


4.4x1 0" 2 


75/15/10 


1.8xl0" 2 


75/10/15 


2.33x1 0" 2 


80/15/5 


1.14X10' 1 



25 



Copolymer: N-vinylimidazole, acrylonitrile (1:1) (molar ratio) 
PBI: polybenzimidazole 
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Example 8 

This example discloses a three-component membrane based on SPEEK/PBI/N- 
vinylimizadole, acrylonitrile copolymer (molar ratio 1 :2). Membranes were made as in 
Example 7 except that the amount and/or type of polymer was varied as indicated. 
5 Conductivity results at room temperature for two membranes are shown in Table 2. 



Table 2 



Composition 
%(sPEEK/PBI/copolymer) 


Conductivity (S/cm) 


75/20/5 


1.04xl0" 2 


80/15/5 


3.3xl0" 2 



Copolymer: N-vinylimidazole, acrylonitrile (1:2) (molar ratio) 
PBI: polybenzimidazole. 

Example 9 

This example discloses a three-component membrane based on SPEEK/PBI/N- 
15 vinylimizadole, acrylonitrile copolymer (molar ratio 1:9). Membranes were made as in 
Example 7 except that the amount and/or type of polymer was varied as indicated. The 
conductivity at room temperature is set forth in Table 3. 



Table 3 



Composition 
%(sPEEK/PBI/copolymer) 


Conductivity (S/cm) 


80/15/5 


7.7x1 0" 2 



Copolymer: N-vinylimidazole, acrylonitrile (1:9) (molar ratio) 
PBI: polybenzimidazole 
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Example 10 

This example discloses a three-component (ternary blend) membrane based on 
SPEEK/PBI/N-vinylimizadole, N-vinylpyrrolidone, acrylonitrile terpolymer. 

Sulfonated PEEK (1.5 g) is dissolved in 18 g of dimethylacetamide. 12 drops of 
ammonia are added to the solution. 1.0 g of a 10% solution of a terpolymer of N- 
vinylimidazole, N-vinylpyrrolidone and acrylonitrile with nominal molar ratio 1:2:2 is 
added to the solution. After this addition, 0.4 g of 6.5% solution of PBI in DMAc is 
added. After complete dissolution of all the components, the solution is cast on a 
silanized glass, dried at first overnight at room temperature, then at 60°C for eight hours , 
and under vacuum for six hours. 

The resulting 4 mil thick membrane is tested for its conductivity at room temperature by 
AC impedance. The conductivity was found to be 0.064 S/cm. 

The foregoing were repeated for different amounts of PBI and Terpolymer were varied. 
Results of the conductivity at room temperature are summarized in Table 4. 



Table 4 



Composition 
%(sPEEK/PBI/Terpolymer) 


Conductivity (S/cm) 


75/20/5 


6.4x1 0" 2 


75/10/15 


7.6xl0- 2 


75/15/10 


8.4x1 0" 2 



Terpolymer: N-vinylimidazole, N-vinylpyrrolidone, acrylonitrile (1:2:2) (molar ratio) 
PBI: polybenzimidazole 

Example 11 

A polymer membrane comprising 75% sPEEK, 20% PBI and 5% PAN (2-in x 4-in) 
having a membrane thickness of 5 mils was loaded in a flow cell. On one side of the 
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membrane a 1 M solution of methanol in water was circulated at a flow rate of 2.4L/hr. 
On the other side of the membrane deionized water was circulated at the same flow rate of 
2.4 L/hr. Samples of the circulating deionized water were taken over a period of six 
hours. In each sample the concentration of methanol was monitored by gas 
5 chromatography. The test was performed at room temperature. Figure 5 shows the 
concentration of methanol as a function of time for a Nafion® 1 17 membrane and the 
aforementioned ternary blend membrane. 

Example 12 

This example discloses a binary blend membrane comprised of 78% sulfonated PEEK and 
10 22% of an elastomeric copolymer comprised of vinyl imidazole and acrylonitrile in a 4: 1 
molar ratio. SPEEK was vacuum dried for two hours at 100°C in a tared vessel before 
obtaining a dry weight of 1.464g. To this was added lOg of DMAC and the solution 
stirred until the polymer was completely dissolved. To the resulting solution was added 
2g of a 30% aqueous solution of ammonium hydroxide in water. To this solution was 
15 added 7.508g of a 6.50% solution of the poly(vinylimidazole-co-acrylonitrile) (4: 1 molar 
ratio) elastomeric copolymer. After stirring overnight the homogeneous solution was cast 
into a frame 5" x 5" on a glass plate and the membrane dried for two days at room 
temperature. The membrane was then dried at 60°C for two hours before being soaked in 
1M sulfuric acid overnight. The resultant membrane was rinsed thoroughly to remove 
20 residual sulfuric acid and was transparent, homogenous and stable in water. Conductivity 
results at room temperature for this membrane and for alternate compositions using this 
4:1 molar ratio elastomeric copolymer are demonstrated in Table 5. 
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Table 5 



Composition 


Conductivity, S/cm 


/o s r ill iv-co polymer 


Room Temperature 


85-15 


0.090 


80-20 


0.023 


78-22 


0.027 


75-25 


0.012 


73-27 


0.0067 


70-30 


0.0010 



10 Copolymer = 4:1 molar ratio vinyl imidazole-acrylonitrile 



Example 13 

Binary blend membranes were made as in example 14 except that the elastomeric 
copolymer contained a 2: 1 molar ratio of vinyl imidazole to acrylonitrile monomeric 
species. Conductivity results for these membranes are shown in Table 6. 



Composition 


Conductivity, S/cm 


% sPEEK-Copolymer 


Room Temperature 


82-18 


0.052 


78-22 


0.048 


75-25 


0.025 


73-27 


0.021 


70-30 


0.012 


67-33 


0.004 



Copolymer = 2:1 molar ratio vinyl imidazole-acrylonitrile 



25 Example 14 

Binary blend membranes were made as in example 14 except that the elastomeric 
copolymer contained a 9: 1 molar ratio of vinyl imidazole to acrylonitrile monomeric 
species. Conductivity results for these membranes are shown in Table 7. 
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Table 7 



Composition 
% sPEEK-Copolymer 


Conductivity, S/cm 
Room Temperature 


82-18 


0.082 


79-21 


0.029 



Copolymer = 9:1 molar ratio vinyl imidazole-acrylonitrile 
Example 15 

This example demonstrates a membrane consisting of 82 % sulfonated PEEK and 18 % 
poly(vinylimidazole) in a binary composition. PVI is preferred to PBI in that it is a 
10 cheaper material to manufacture is more readily available. Furthermore, PVT, unlike PBI, 
is not liquid crystalline. This liquid crystallinity characteristic of PBI makes membranes 
containing PBI more difficult to process and leads to inconsistent properties upon trying 
to reproduce results. 

1 .23g of sulfonated PEEK were dissolved in 14. Og DMAC. To this solution was added 
15 12 drops of a 30% solution of ammonium hydroxide in water. To this was added 1 .24g of 
a 10% solution of poly(vinylimidazole) in DMAC. The membrane was cast in a frame 
5" x 5" on a glass plate and dried at room temperature for 2 days and at 60°C for two 
hours. The membrane was soaked in 1M sulfuric acid overnight before it was rinsed to 
remove all traces of sulfuric acid. The resultant membrane was transparent, 
20 homogeneous and stable in water. Table 8 demonstrates conductivity data of several 
compositions. 
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Table 8 



Composition 


Conductivity, S/cm 


% sPEEK-PVI 


Room Temperature 


77-23 


0.015 


79-21 


0.024 


82-18 


0.036 


85-15 


0.095 


87-13 


0.097 



Example 16 

10 This example demonstrates a ternary blend membrane which is 97% sPEEK and PVI in a 
ratio 84-16 and 3% PAN. To 14.9 g of a 7.9 % solution of sulfonated PEEK in DMAC 
was added an additional 3 g of DMAC, 0.672g of a 6.25 % solution of PAN in DMAC, 20 
drops of a 30 % solution of ammonium hydroxide in water, and 3.2 g of a 7% solution of 
PVI in DMAC. The solution was stirred overnight and cast in a 5" x 5" frame on a glass 

15 plate and allowed to dry at room temperature for three days. The resultant membrane was 
dried at 60°C for 2 hours and treated in 1M sulfuric acid overnight. The resultant 
membrane was homogeneous and demonstrated stability in water. Table 9 demonstrates 
conductivity of this composition and other compositions. The ratio of sulfonated PEEK 
to PVI is always expressed independently of its overall ratio to PAN. 
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Table 9 



Composition 


Conductivity, S/cm 


% (kPV v k / 1> v n. P A N 


Room Temperature 


/ // Zr_5 J -J 


00012 




0.0068 


oz/ 1 oj-j 


0.027 


97(83.5/16.5)-3 


0 037 


97(85.5/14.5)-3 


0.049 


99(8 1/1 9)-l 


0.020 


97(82/1 8)-3 


0.022 


99(84/16)-! 


0.059 


97(84/1 6)-3 


0.057 


95(84/1 6)-5 


0.032 



Example 17 

15 The following example demonstrates a ternary blend membrane which is 97% of sPEEK 
and PVI in a ratio of 88-12 and 3% PAN. In this example, the sPEEK was selected to 
have a degree of sulfonation of less than 100%. 0.824g of sulfonated PEEK of a degree 
of sulfonation less than 100% was dissolved in 12g DMAC. To this was added 0.407g of 
a 7. 107% solution of PAN in DMAC followed by 1 .2g of a 30% solution of ammonium 

20 hydroxide in water and 1 .48g of a 8.88% solution of PVI in DMAC. The solution was 

stirred overnight and cast in to a 5" x 5" frame. The film was allowed to dry for 2 days at 
room temperature and for 2 hours at 60°C. The film was then soaked in 1 .5M sulfuric 
acid overnight before being rinsed thoroughly in water. Table 1 0 demonstrates the 
conductivity of this membrane and other compositions. All these membranes 

25 demonstrated superior mechanical strength in water and reduced brittleness in the dry 

state than did any of the membranes in Example 18, which were not made by selection of 
a sulfonated PEEK of a degree of sulfonation of less than 100%. Table 1 1 shows the 
performance of PF2-55-3 (the 97(88/12)-3 formulation) in operation in an active direct 
methanol fuel cell. Figure 7 demonstrates its performance using 4M methanol. 
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Table 10 



Composition 
%(sPEEK/PVT)-PAN 


Conductivity, S/cm 
Room Temperature 


97(90/1 0)-3 


0.038 


97(88/12)-3 


0.029 


97(86/14)-3 


0.016 


97(84/1 6)-3 


0.011 



Table 11 





Test conditions 


I@0.4V 


I@0.3V 


HI R 


MeOHXO 


10 


Membrane PF2-55-3 






(Hem 2 ) 


(mA/cm 2 ) 




IMMeOH, lmL/min 


81 


119 


0.14 






Air, 20 seem, bypassed 


(32niWcny 2 ) 


(36mWcm 2 ) 








2 M MeOH, 1 mL/min 


88 


142 


0.14 


75 for 2 M 




Air, 20 seem, bypassed 


(35mWcm- 2 ) 


(43 mW cm 2 ) 




128 for 3 M 


15 


4 M MeOH, 1 mL/min 


70 


107 


0.15 


147 for 4 M 




Air, 20 seem, bypassed 


(28 mW cm" 2 ) 


(32 mW cm" 2 ) 








4 M MeOH, 5 mL/min 


82 


180 


0 155 






Air, 50 seem, 35°C 


(33mWcm- 2 ) 


(54mWcm 2 ) 







Example 18 

20 In this example, ternary blend membranes were made using 91% of sulfonated PEEK and 
PVT in a 90-10 weight ratio and 9% of a copolymer of acrylonitrle and vinyl imidazole 
(9: 1 molar ratio). 0.9g sulfonated PEEK was dissolved in 15.8g DMAC. To this was 
added, 30 drops of a 30 % solution of ammonium hydroxide in water, lg of a 10 % 
solution of the copolymer in DMAC and 1.55 g of a 6.45% solution of PVI in DMAC. 

25 The solution was stirred overnight and cast in a 5" x 5" frame on a glass plate and allowed 
to dry at room temperature for three days. The resultant membrane was dried at 60°C for 
2 hours and treated in 1.5M sulfuric acid overnight. The resultant membrane was 
homogeneous and demonstrated stability in water. Table 12 demonstrates conductivity of 
this composition and other compositions. 



Table 12 



Composition 


Conductivity, S/cm 


%(sPEEK/PVD-copolymer 


Room Temperature 


97(90/1 0)-3 


0.07 


95(90/10)-5 


0.06 


91(90/10)-9 


0.04 


84(88/12)-16 


0.04 



Copolymer = 9:1 molar ratio of acrylonitrile to vinylimidazole 



Example 19 

10 The following example demonstrates a ternary blend membrane composed of 95% of 

sulfonated PEEK and PVI in a 85-15 weight ratio and 5% of a copolymer of acrylonitrile 
and acrylamido 2-methyl 1-propanesulfonic acid (monomer ratio = 95/5 by weight). 
1 . 0 1 g of sulfonated PEEK was dissolved in 23g of DMAC. To this was added 1. 18g of a 
5.771% solution of the copolymer in DMAC, 1.5 g of a 30% solution of ammonium 

15 hydroxide in water, and 1 .72g of a 10.390% solution of PVI in DMAC. The mixture was 
stirred overnight and cast into a 5"x 5" frame on a glass slide, allowed to dry at room 
temperature for 2 days, and dried at 60°C for two hours. The membrane was treated with 
1 .5M sulfuric acid overnight and then rinsed with deionized water. The resultant 
membrane was stable in water. The conductivity of several formulation is detailed in 

20 Table 13. 



Table 13 



Composition 
%(sPEEK/PVI)-copoIymer 


Conductivity, S/cm 

Room Temperature 


95(85/1 5)-5 




90(85/15)-10 





Copolymer = 95/5 weight ratio of acrylonitrile to acrylamido 2-methyl 1-propanesulfonic 
acid 
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Example 20 

Preparation of acrylonitrile 1-vinylimidazole copolymers. 



We have prepared several acrylonitrile 1-vinylimidazole copolymers. The following 
example describes the synthesis of acrylonitrile 1-vinylimidazole copolymer with molar 
5 ration of 9:1. 

A mixture of acrylonitrile (127.2g) and vinylimidazole (25.07g) was dissolved in 
dimethylacetamide (23 5g). To this solution AIBN (600mg) was added and the mixture 
was heated at 60°C under argon for one day and at 75°C for nine hours. After cooling the 
amber mixture was poured into methanol (2L) with stirring. The precipitate was filtered 
10 and repeatedly washed with methanol. The solid was dried under vacuum at 1 00°C. 
After drying 1 12g of the copolymer were isolated. 



Example 21 

Preparation of sPEEK 

SPEEK was prepared according to two different methods: (1) sulfonation with 
15 chlorsulfonic acid followed by hydrolysis (as described in the literature), and (2) 

sulfonation with sulfuric acid in the presence of phosphorous pentoxide. Method 2 is 
described as follows. 

30% fuming sulfuricacid (1.3 Kg) was added to a mixture of 96% sulfuric acid (2.22 Kg) 
stirring at 5°C over twenty minutes. The mixture was further stirred for 30 minutes and 

20 checked for excess of SQ3, before adding phosphorous pentoxide (200g). After an 
additional hour, PEEK (346g) was added to the mixture over five hours under argon 
maintaining the temperature at 5°C. The mixture was warmed to 11 °C over three hours 
and stirred for additional 10 hours. The solution was poured into a mixture of 
ice/concentrated HC1 (3:1) over twenty-five minutes while stirring. The solid was 

25 filtered, washed with ice/conc. HC1 4: 1(10 L) then ice water (14 L), cut up in small pieces 



-27- 

and further washed with ice-water (12L). The crude sPEEK was dissolved in hot water 
(9kg) and dialyzed in deionized water. The dialyzed aqueous solution was freeze dried 
and sPEEK (427g) was isolated. The polymer was analyzed by elemental analysis ( %S 
8.77, %C 61.36, % H 3.28). The elemental analysis data indicate that the polymer was 
5 100% sulfonated. 

Example 22 

Preparation of 30% Ethylated Polybenzimidazole 

Polybenzimidazole (25. 15) and lithium chloride (l.OOg) were placed in a 500-mL 3-neck 
flask and dried at 0.01 mmHg at 185-200°C sand bath for two days. Then the contents of 

10 the flask were contacted with argon and allowed to reach room temperature. 

The flask was fitted with a condenser and mechanical stirrer. N-methylpyrrolidone (250 - 
275 rriL) was added and the mixture was stirred and reheated to 185-200°C for two days. 
The reaction was cooled down at room temperature and lithium hydride (45 5g) was 
added. The mixture was stirred 24 hours at 60°C to give a blueish solution. 

15 The solution was cooled to ~ 40°C and the ethyliodide (8.95g dissolved in 10 mL NMP) 
was added dropwise. Immediate reaction takes place upon addition of the ethyl iodide. 
After the ethyl iodide addition was completed, the reaction was heated at 58°C for 24 
hours. The reaction was worked up by pouring the solution into 1.5 L of water under 
stirring (residual undissolved solid material was separated before pouring in water). The 

20 solid precipitate was isolated by decanting the water, and it was soaked in water 

overnight. The solid was ground in a blender with 500mL of water and collected in 
Buchner funnel. The solid was stirred for four hours in 1 .5L of water, collected by 
filtration, stirred overnight in 1.5L of water, collected by filtration, stirred four hours in 
acetone and soaked overnight in acetone. The solid was collected by filtration and dried 

25 at 100°C at -10 mmHg. The degree of ethylation of the final product was estimated to be 
-30% by ! H NMR. 
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Example 23 

Sulfonated polyetheretherketone (SPEEK) (0.77g) was dissolved in I5g of 
dimethylacetamide (DMAC). To this solution, 30% ammonium hydroxide (1.5g) was 
added. A solution of polyacrylonitrile in DMAC was added (addition corresponds to 
0.05g of PAN), followed by an addition of 30% ethylated polybenzimidazole (E-PBI) 
(0. 18g). The resulting mixture was stirred overnight. The resulting solution was cast 
onto a silanized glass frame (size 5"x5"). The membrane was dried at 60°C overnight, 
then vacuum dried at 80°C for 8 hours. The resulting membrane was soaked in 1M 
H 2 S0 4 at room temperature overnight. The membrane was then rinsed with deionized 
water to remove any traces of acid. The resulting membrane was tested for conductivity at 
room temperature (0.00625 S/cm), and at 60°C (0.00793 S/cm). After hydration in water, 
the membrane water uptake was 77% on a weight basis. 

Example 24 

Sulfonated polyetherethersulfone (sPEES) (0.7g) was dissolved in 10 g of 
dimethylacetamide (DMAC). To this solution, 30% ammonium hydroxide (l.Og) was 
added. A solution of polyacrylonitrile in DMAC was added (addition corresponds to 0.05 
g of PAN), followed by an addition of polybenzimidazole (0.20g). The resulting mixture 
was stirred overnight. The resulting solution was cast onto a silanized glass frame (size 
5"x5"). The membrane was dried at 60°C overnight, then vacuum dried at 80°C for 8 
hours. The resulting membrane was soaked in 1M H 2 S0 4 at room temperature overnight. 
The membrane was then rinsed with deionized water to remove any traces of acid. The 
resulting membrane was tested for conductivity at room temperature (0.00602 S/cm), and 
at 60°C (0.00655 S/cm). After hydration in water, the membrane water uptake was 52.6% 
on a weight basis. 

Example 25 

Sulfonated polyetherethersulfone (SPEES) (0.80g) was dissolved in 15g of 
dimethylacetamide (DMAC). To this solution, 30% ammonium hydroxide (1.0 g) is 
added. A solution of polyvinylidenefluoride (PVDF) in DMAC was added (addition 
corresponds to 0.05g of PVDF), followed by an addition of polybenzimidazole (0.20g). 
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The resulting mixture is stirred overnight. The resulting solution is cast onto a silanized 
glass frame (size 5"x5"). The membrane is dried at 60°C overnight, then vacuum dried at 
80°C for 8 hours. The resulting membrane is soaked in 1M H 2 S0 4 at room temperature 
overnight. The membrane is then rinsed with deionized water to remove any traces of 
acid. The resulting membrane was tested for conductivity at room temperature (0.00561 
S/cm). After hydration in water, the membrane water uptake was 52% on a weight basis. 



